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Executive Summary

Currently, aviation accounts for 2-3 % of COs global emissions. Without decarbonisation, it is predicted that
aviation will be responsible for 22 % of global COs emissions by 2050 [I]. Increased government spending and
private investment towards the development of widespread hydrogen infrastructure will help smooth the transition
as hydrogen becomes economically viable as an alternative fuel source. This report outlines the first step at
decarbonising the aviation industry with a detailed design concept of a liquid hydrogen fuel system for a narrow-
body regional jet.
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Nomenclature

AP,,ss Pressure loss, Pa

Meir  Mass flow rate of air, kg/s

mpy, Mass flow rate of hydrogen, kg/s

Q Volumetric flow rate, W

Wpump Maximum pump power requirement, W
€ Effectiveness

€m Emissivity

Npump Pump Efficiency

A Thermal Conductivity, W/mK

Af Foam thermal Conductivity, W/mK
1 Dynamic viscosity, Ns/m?

P Density, kg/m3

Ooo Far field uniaxial stress, W/m?2K*
0o Tangential stress

Omws Maximum working stress, M Pa
osp  Stefan Boltzmann Constant, W/m?2K*
0 Angle, °

A Surface area, m?

a Minor ellipse radius, m

Acs Cross sectional area, m?

b Major ellipse radius, m

f

o~

- m oo =

FOS

GH?2
h

hlosses

hpump

1
K

wire

LH?2

Heat Capacity rate, J/Ks

‘¢’ factor

Coefficient of drag

Coeflicient of lift

Specific heat capacity, J/kgK
Heat capacity ratio, m

Pipe Diameter, m

Inner pipe diameter m

Outer pipe diameter, m
Function of effectiveness
Friction factor

Factor of Safety

Acceleration due to gravity, 9.81 m/s?

Gaseous Hydrogen

Convection heat transfer coefficient, W/m?K

head losses, m
Pump head loss, m
Current, A

K Factor

Thermal conductivity, W/mK

k
Lyrism Length of tank without bulkheads, m
L

Wire length, m
Liquid Hydrogen
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44

46
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m mass, kg Teo Cold fluid outlet temperature, K

)

NTU Number of transfer units Th,i Hot fluid inlet temperature, K
Nu  Nusselt number Ty,  Hot fluid outlet temperature, K
P Pressure, M Pa Tsurr Cold boundary temperature, K

P Hydrostatic force, N Tyveos Temperature of vapour cooled shield, K

Pinternar Internal pressure, MPa TSFC Thrust Specific Fuel Consumption, g/kNs
Prv Power, W U Overall heat transfer coefficient, W/mK
Pr Prandl number, W/m?K* . .

U Pipe flow velocity, m/s
Q Heat Flow, W

\% Volume, m?
R Resistance, 2

v Flow speed, m/s
R Universal gas constant, 8.314 J/molK

V. Maximum erosional velocity, m

R(®) Effective radius, m

Viwit:  Single bulkhead volume, m3

Reona Solid Conduction Contribution, K/W

Viotane Pl Speed,
R..a Radiation Contribution, K/W Pl ane Speed, m/s

) ; 3
Re Reynolds niumber Vprism Volume of tank without bulkheads, m

3
SFC Specific fuel consumption, g/kN - s Viank  Total tank volume, m

Tc Temperature at cold boundary, K Vooirs  Voltage, V

Ty Average foam temperature, K VCS  Vapour Cooled Shield
Ty Temperature at hot boundary, K Wo Initial Mass of Plane, kg
Ts Hot boundary temperature, K Wi Final Mass of Plane, kg

T.; Cold fluid inlet temperature, K T Thickness, mm



1 Introduction

Air travel is notorious for its high carbon footprint. In 2019 the aviation industry produced 915 million tonnes of
COq [2]. As progress is made towards a more sustainable future, it is essential that air travel is decarbonised. This
need is greater than ever before particularly in the wake of COP26 now that almost 200 countries have pledged
to reduce their CO5 emissions with the aim of limiting global temperature rise to 1.5°C. Hydrogen is receiving
enormous global attention as an exciting alternative fuel source that promises to reduce or even eliminate carbon
emissions in a vast range of industries. The UK, with a legally binding commitment to achieve net zero by 2050, has
set out an extensive hydrogen strategy with the ambition of reaching a low carbon hydrogen production capacity
of 5 GW by 2030 [3]. The attention hydrogen is receiving is not unwarranted. Hydrogen is the most abundant
element in the universe, the combustion of hydrogen does not produce any CO5 and with a lower heating value
(LHV) of approximately 120 MJ/kg, hydrogen has the highest gravimetric density of any known substance [4].
This makes it an ideal fuel source. Liquid hydrogen (LH2) has been used as rocket fuel for decades [5], however
there are ambitious plans worldwide to utilise hydrogen in a much greater variety of applications.

In this report, the design of a hydrogen fuel system for gas turbines is presented. A major aim of this project is
to design a system compatible with existing aircraft. The Embraer 190 was selected as an appropriate narrow-body
regional jet to serve as a reference aircraft throughout the project. In order to store enough hydrogen to meet
the energy requirements of a conventional aircraft, the fuel tanks store LH2, that is gasified before delivery to the
engines or APU (Auxiliary Power Unit) of the aircraft. With a boiling temperature of 20 K at atmospheric pressure,
the storage and transportation of LH2 within the system presents a significant design challenge. The overall fuel
system design is detailed within the report including the design of the tanks, insulation methods, venting system,
heat exchanger and other key aspects of the hydrogen fuel system. The wider challenges and context of the project
such as sustainability, commercial considerations, safety and design limitations are discussed throughout.
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Figure 1: Project Scope Canvas [6]



3 Fuel System

3.1 Overall Fuel System Architecture

Described in depth in this chapter, the overall fuel system is depicted in Figure[2] This schematic diagram illustrates
the various ways in which hydrogen can flow through the fuel system. An underside view of a CAD model of the

fuel system can be found in Figure 3]
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Figure 2: Fuel System Schematic



Figure 3: Overall Fuel System (Underside view)

3.2 Weight Requirements

In order to determine the weight requirements, the maximum landing mass was used because fuel jettisoning
was determined to add little benefit. Although the energy equivalent ratio of hydrogen to kerosene is 1:2.8 kg
respectively, incorporating structural weight added to support 1kg of fuel [7], the weight ratio changes to a minimum
of 2:3.1 kg even when using advanced composite technologies highlighted in section 3.2.2. This means that the
proportion of fuel available to be jettisoned decreases by 40% for the same energy requirements. Table [1| shows the
comparison of the original weights of the Embraer 190 and the target mass requirements of the aircraft with the
new fuel system design.

Table 1: Target and orginal mass requirements of Embraer 190 aircraft

Kerosene (Original) / kg Hydrogen (Target) / kg
Maximum Take-Off Mass 50,300 43,000
Maximum Landing Mass 43,000 43,000
Maximum Payload Mass 13,063 13,063
Basic Operating Mass 27,750 27,750

3.3 Range Estimation: E190 using Liquid Hydrogen Fuel

The ICAO (International Civil aviation organisation) states that planes must have enough reserve fuel, in case of
an emergency, for an additional 30 minutes of flight for jet engine aircraft, and 45 minutes of flight for reciprocating
engine aircraft [§]. The E190 uses two GE CF34-10E turbofan engines with a thrust specific fuel consumption
(TSFC) of 18 g/kNs using kerosene. The specific energy of hydrogen (120 MJ/kg) is 2.8 times larger than the
specific energy of kerosene (42.8 MJ/kg). This conversion factor is used to predict the TSFC for the two GE



turbofan engines using hydrogen fuel to be 2.8 times smaller than when using kerosene. Therefore, the TSFC for
the GE turbofan engines using hydrogen is 6.42 g/kNs.

The final mass of the plane, W1, accounts for the empty mass of the plane (27,750 kg) and the payload (13,063
kg). The initial mass, Wy, accounts for W; and the mass of the fuel. The additional reserve fuel required can
be calculated using Breguet’s endurance equation. The ratio of coefficient of lift to coefficient of drag (Cr/Cp) is
represented as the ratio of the mass of the plane (43,000 kg) to the thrust (2 x 90.6 kN GE CF34-10E engines).
Therefore, 45 minutes of additional flight requires 314 kg of hydrogen.

CrL Wo

TSFC * Cp MW, W)
The Breguet range equation is then used to calculate the mass of fuel required to give the E190 a maximum range
of 2000 km. This is a typical range for a regional aircraft, ensuring the E190 would be able to serve routes as long
as London to St Petersburg. However, it is anticipated that hydrogen powered jets will be used on much shorter
routes, such as London to Berlin (930 km). The 314 kg of hydrogen reserve fuel will now be included in Wy and
Wi when using the Breguet range equation. The speed (Vpiane) of the plane can be assumed to be constant at
cruising speed (230 m/s) throughout the flight as the ascent and descent periods are minimal compared to the
overall flight time for a regional jet. By the same argument, the air density can be assumed to remain constant at
cruising altitude throughout the flight. The amount of fuel required for a range of 2000 km is 1100 kg. Therefore,
the total hydrogen fuel, including reserve fuel, that will be stored on the plane is 1414 kg.

Endurance =

‘/plane CL ”0
— X In — 2
TSFC “ Cp W, 2)

Range =

3.4 Tanks

The fuel tanks of a liquid hydrogen powered plane are a crucial element of the overall system design. The placement
of the tanks was carefully considered to determine an optimal solution given the design of existing narrow-body
regional aircraft.

3.4.1 Tank Placement

Several tank arrangements were considered, as shown in Figure Designs were compared using several criteria
such as disruption to plane layout, the proximity of the tanks to the engines, and any affects of the centre of gravity
of the plane.

There are additional challenges when selecting tank parameters for a LH2 tank when compared to conventional
tanks used for other fuels. For example, the tank storage must minimise boil off rates in the tank by having a
small surface area to volume ratio, whilst best fitting the available space in the plane. For LH2 storage on the
ground, singular spherical tanks are used due to their small surface area to volume ratio, minimising boil off rates
and the tank mass. However, a spherical tank would not be suitable fitting into the long fuselage body and instead
a prism tank would best occupy the available space. Initially a singular prism tank was chosen under the cabin
floor. However, it was found that the landing gears of plane disrupted a singular tank located centrally. Therefore,
a split tank design as shown in Figure [5] consisting of a fore and aft tank under the cabin floor was chosen to create
redundancy if faults arise and for better fuel positioning control via a cross-feed system between the two tanks.
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Figure 4: Tank Placement Concepts

Figure 5: Chosen design - Fore and aft tanks under the cabin floor

3.4.2 Tank Sizing and Dimensions

An elliptical tank shape was chosen as it best fills the fuselage under-cabin cross sectional area, minimising the
length and so the weight of the tank. The 1414 kg of liquid hydrogen occupies 19.92 m? of volume, and according
to [9) 3% extra volume should be available to accommodate boil off before flight. Therefore, the total tank volume
required is 20.53 m3.

The elliptical tanks have two hemi-ellipsoidal bulkheads on either end of the tanks. NASA recommend for the
bulkhead ellipsoids a ratio a/c = 1.66 offers the best combination of tank weight and tank length, where a is the



minor ellipse radius as shown in Figure |§| and c is the 3rd ellipsoid dimension [I0]. This ratio gives the length of
each bulkhead (c) as 0.349 m. Equations (3 - 5) are used to calculate the length of the elliptical prism segment of
the tank (Lprism) and then the total length of each tank is calculated by accounting for the additional length of
the two bulkheads on either end of the tank. The total length of each tank is 5.13 m.

Vprism = V;tank - 2%ulk (3)
Vi TiSM

Lprism = pA (4)

Ltank = Lprism + 2Lbulk (5)

Figure 6: Tank Cross section major and minor axis

3.4.3 Tank Materials

After determining the tank dimensions and internal tank pressure, the next stage in development was designing a
tank that meets the mass and insulation requirements, whilst reducing the heat flux into the tank and therefore
minimising boil-off.

A lightweight and reusable liquid hydrogen storage tank solution that can operate under cryogenic conditions
has been developed with a focus on using innovative, high performance materials in order to optimise the mass
to volume ratio. Figure [7] shows different construction options for pressure vessels as classified by the American
Society of Mechanical Engineers; with the final tank design following type III. The design of the tank is divided
into two main components: the inner tank vessel made from a carbon fibre composite structure and the outer
vessel made of stainless steel, maintaining a vacuum which retains the insulating materials in an effort to minimise
the heat leak into the liquid hydrogen (LH2). This section takes an overview into the design challenges during
the development of the tank concept and the selection process for the chosen tank materials and manufacturing
considerations.

10



Steel or

aluminum
ﬁ.l|-ITLEta[ “ner

steel or

Steel or
aluminum Plastic liner

liner

aluminum Composite
hoop wrap

Composite Composite
full wrap full wrap

Type | Type Il Type lil Type IV Type V
Figure 7: Construction of pressure vessels as per the American Society of Mechanical Engineers [11]

Inner Tank: Carbon Fibre Composite

The use of carbon fibre reinforced polymers is becoming more prevalent in the aerospace and aviation industry,
with projects such as NASA’s X57 Maxwell aircraft [I2] incorporating carbon fibre into the wing design due to the
enhanced structural properties provided. In regard to their use in cryogenics, this is still a developing technology,
taking for example the Lockheed Martin X33 project [I3], consisting of two carbon tanks, which failed during
testing due to the debonding of the carbon fibre layers, as a result of gaseous hydrogen (GH2) infiltrating into the
core. It is evident that carbon fibres offer optimal weight properties, but further research and testing is needed
before they can be incorporated comfortably for future cryogenic use.

Structural efficiency is one of the considerations at the forefront of the tank design as it is an important aspect
to finding lighter solutions when designing load bearing components for aircrafts. As a result, the materials used
in the inner tank vessels diverge from commonly used cryogenic metals such as aluminium or steel alloys and
instead incorporate carbon fibre reinforced polymers, which offer a much higher specific stiffness and strength
and can therefore provide significant weight reduction. The comparison between carbon fibre and other materials
considered in the design process as shown in Table[2| highlights the advantages of selecting carbon as the inner tank
material. Material analysis shows that using carbon fibre in comparison to aluminium reduces the weight of the
inner tank vessel by approximately 42%, proving carbon to be the better choice in terms of weight optimisation. As
highlighted in Figure 1 the use of a metal liner is essential in the tank design due to the fact that carbon composite
is porous to hydrogen and so the incorporation of a high thermal conductivity aluminium liner to the inner tank
vessel provides a permeation and outgassing barrier, effectively protecting the vacuum space.

Table 2: Tank Material Properties

Material Density (kg/m?) Yield Strength (MPa) Specific Stiffness (MNm/kg)
Aluminium 5083 2650 228 27.2

Aluminium 2219 2840 290 26.0

Stainless Steel 304 8000 215 23.8

Carbon IM7/997 1600 1050 187.5

Structural Optimisation: Honeycomb Sandwich Structure

Sandwich construction has been implemented into the tank design, where two carbon fibre face-sheets are bonded
to a lightweight honeycomb core using an adhesive. This is a common technique used in aerospace due to the high
specific mechanical properties provided as well as additional design versatility. As a result, the inner tank vessel is

11



split into three sections: the inner and outer face-sheets and the honeycomb core as shown in the diagram in Figure
The tensile and compressive loads are carried by the carbon sheets whilst the honeycomb core absorbs the shear
components of force and stiffness by distancing the carbon face-sheets from the neutral axis. And so, increasing
the thickness of the corrugated core increases the relative bending strength and stiffness of the structure for only
a fractional increase in weight as shown in the table in Figure[9] A configuration thickness of 1.07 mm for each
carbon face-sheet and 2.14mm for core was selected resulting in a 3.5 fold increase in bending strength for just a
3% weight increase.

Carbon Epoxy face sheets
IM7/922-2
1.07 mm

Nomex honeycomb
core
2.14 mm

Figure 8: Dimensions of honeycomb sandwich structure

——= @ [

4t
4
Relative Bending Stiffness 1 7.0 37
Relative Bending Strength 1 3.5 9.2
Relative Weight 1 1.03 1.06

Figure 9: Structural efficiency of sandwich panels [14]

Manufacturing Methods

The carbon layers of the inner tank vessel are constructed from a continuous IM7 unidirectional carbon fibre through
wet filament winding which yields variability in the tank shape and so is commonly used in creating complex shaped
vessels. The use of one continuous fibre provides very good material stiffness and strength. Initially, the carbon fibre
is run through an epoxy resin bath which stabilises the fibre before it is fixed in a specific geometric arrangement.
The resin wetted carbon fibre is then wound at 45° angles around a rotating mandrel, creating the inner and outer
face sheets in the desired geometry.

The core in-between the face sheets consists of a phenolic Nomex honeycomb made with aramid paper. Lines
of glue are applied to numerous flat sheets of aramid paper, before the sheets are stacked. Rods are used to create
openings in the paper, creating a honeycomb structure. This is then put in a stabilization oven to retain the
hexagonal shape before being dipped and cured in a phenolic resin. The structure is then cut into sheets of the
desired thickness, forming the Nomex honeycomb sheets ready to be bonded with an adhesive to the inner and
outer carbon shells.

12
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3.4.4 Tank Insulation Methods

The addition of insulation is essential for the tank as its absence can result in a boil-off rate that would render
the use of liquid hydrogen impractical. The tank insulation comprises of a vacuum jacketed system consisting of
Multi-Layer Insulation (MLI), a spray on foam and a vapour cooled shield. In order to estimate the insulation
requirements, a heat flow analysis was conducted, evaluating each section in turn to calculate an overall heat flow
into the tank for use in boil off calculations. This section covers how the insulation methods used as shown in

Figure [11] impact the heat flow into the system.

4.28mm
Steel Cryotank outer
«—  (Vaccum)

2mm
Steel shield
(Vapour Cooled)

MLI:
Double Aluminized
Mylar + Dacron
netting

25mm each
Spray-on Foam
24.4mm

Nomex
Honeycomb
2.14mm

Carbon

Epoxy
IM7/922-2
Aluminium R
liner

Figure 11: Exploded View of Tank Insulation
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Initially, the heat flux calculations involved the use of the Lockheed equation as presented in Lockheed’s study for
NASA [16]; but one of the main challenges was the derivation of the insulation’s temperature gradient in addition
to calculating the empirical constants necessary. As a result, a thermal modelling approach was implemented
instead where the thermal resistance of each insulation section is calculated; this uses the hot and cold temperature
boundaries removing the need to derive a temperature gradient. The tank has been modelled as a one dimensional,
steady state model as shown in[I2] Heat transfer by radiation and conduction has been analysed, whilst the effect of
convection is considered negligible due to the vacuum space eliminating air flow. Using the model and assumptions
made, the heat flow (Qpyr) is calculated as

TH — Tvcs TVCS - TC
= 3 (6)
Rcond,l + ( - + - ) (% + ! ) + Rcond,4 + Rcond,f)

Reond,2 Ryad,2 cond,3 Ryad,3

Qny =

where R,qq and R,nq are the radiation and solid conduction contributions to thermal resistance whilst Ty and
T¢ are the temperatures at the hot and cold boundaries respectively; with Ty cg being the temperature of the
vapour cooled shield. Using this modelling approach, the final heat flow came to 396 W. The following chapters
outline the heat transfer calculations and considerations for each specific section of the tank.

Quter
boundary
233K T
L 8ok _ |
I Liquid
Hydrogen
\ 20K
STEEL OUTER VCS INNER SOFI CARBON
CRYOTANK MLI MLI SANDWICH
Qn‘eDK
Rcond 1 Rcond,Z I Rc0"‘1-3 Rcond,a Rcond.E
-Euier VCs -I;wdrogen,
233K 20K
I:{rad,z I:%racl.a

Figure 12: Thermal modelling approach for insulation system [17]

Steel Cryogenic Tank

The use of vacuum insulated vessels for cryogenic liquid storage was first introduced by James Dewar [I8]. At its
best heat transfer by residual gas is negligible due to the high performance of the vacuum. The entire structure
is in a vacuum cryo-tank; resulting in reduced heat flux as there is no convection of air. The thermal conduction
resistance is given by

S @
where x is the steel thickness, A is the surface area and A is the thermal conductivity. Therefore, the thermal
resistance for the steel section of the cryo-tank is calculated as 9.0 x107¢ K/W. As expected, this gives the lowest
thermal resistance, resulting in the highest contribution to heat flow.

Rcond =

14



Table 3: Values used in equation (6) to determine Qpy

Material Thermal Emissivity Surface Area (m?) R,.q (K/W) Reona (K/W)
Conductivity
(W/mK)
Steel Cryotank 13.5 35.06 9.0 x10°
MLI outer 25 0.0125 32.67 1.27 0.65
MLI inner 25 0.0125 32.67 55.34 1.4
SOFI 24.4 31.51 0.12
Carbon outer 1.07 31.45 1.4 x107°
Honeycomb core 2.14 3.1.4 1.5 x107°
Carbon inner 1.07 313 3.8x107°

Multi-Layer Insulation with Vapour Cooled Shield

To reduce the heat load on the liquid hydrogen, heat interception through a vapour cooled shield (VCS) is used to
maintain an intermediate constant temperature of 80 K. The VCS is actively cooled by hydrogen boil-off which is
vented through a network of cooling tubes welded to the steel, embedded in the MLI as shown in Figure [[3] This
provides distributed cooling to the steel shell as shown in Figure [I4 The cooling system consists of a cryocooler
namely the Reverse Turbo Brayton Cycle, in addition to a fan used as a circulator and the reservoir which prevents
excessive pressure when the system is warm. The VCS significantly reduces the heat flow into tank by 64.3 %, from

1110 W to 396 W.

Figure 13: Vapour Cooled Shield
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Figure 14: Vapour Cooled Shield cooling system diagram

Tank

The MLI comprises of layers of double-aluminized mylar (DAM), alternating with a Dacron net. The configuration
consists of 25 internal reflectors and a layer density of 11 layers/cm [19]; with the optimal layer density derived from
Figureprovided as a result of tests conducted by the University of Washington [T9]. The DAM acts as a radiation
shield; causing radiation to be reflected from the surface; whilst the Dacron net acts as a low conductivity spacer,
preventing additional heat transfer between the layers on Mylar themselves. These two factors are considered
when calculating the total thermal resistance; giving a modified equation incorporating radiation and conductivity
effects. These are added in parallel as per the heat transfer model in Figure [12] to give the MLI contribution to
heat transfer. The emissivity (e,,) of the MLI is calculated as shown in equation (8) using boundary temperatures
T}y, and T.. The radiation thermal resistance can be calculated as shown in equation (9) [20], using this value of
emissivity.

(TH + Tc>

em =118 x 1072 4+6.18 x 107° 5

(®)

1
9
e0—5314(1—‘52 + Tsurrz)(Ts + Tsurr) ( )

ogsp is the Stefan Boltzmann constant and T, and Ty, are the hot and cold boundary temperatures of the MLI.

Rrad =
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Figure 15: Optimal MLI Layer Densities for Double Aluminized Mylar and Dacron Net [19]

Spray on Foam

Spray on foam insulation, specifically North Carolina Insulation Foam (NCI27-68), is used between the aluminium
liner and MLI inner layer. It is applied by spraying it directly on the outer shell of the tank to 24.4 mm. The
foam provides a closed cell barrier, and its thermal resistance of solid conduction is calculated with equation (8)
as 0.12 W/K; where the thermal conductivity is given by the function in equation (11) where T is the average
temperature of the foam estimated as 50 K.

Ar =0.88 x 1073 +1.92 x 10~*(TF — 20) (10)

Honeycomb Sandwich

One of the main concerns for calculating heat flux through the honeycomb sandwich panels is the air gaps present
in the structure. According to J.J. Darji’s study on honeycomb sandwich [21I], the effect of convection heat transfer
of air inside the honeycomb sandwich can be ignored, simplifying the calculations needed. Therefore, the thermal
resistance of the honeycomb sandwich gives a value of 3.8 x1073 W/K.

3.4.5 LH2 Crossfeed System

Transfer of fuel between tanks is required for several reasons. Firstly, if there is a fault with one engine, the fuel
can be transferred across to the other tank which supplies fuel to the other engine. Secondly, the redistribution of
fuel improves the longitudinal balance of the aircraft when in flight and refuelling. A schematic shown in Figure
illustrates two pipes which transfer fuel in the designated direction. Depending on the level sensor readings for
each tank, the boost pump attached to the tank with less fuel will be turned off. Next, the two shut-off valves on
each end of the pipe open and fuel will be pumped at 1 KPa higher than the operating pressure of the tank with
less fuel to create a pressure differential. Once the fuel in both tanks are level, the crossfeed pump will turn off ,
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the shut-off valves close and the boost pump turns on again. A pipe diameter of 10 cm was required in order to
ensure low turbulence and low vapour volume fraction in the transfer lines.

3.4.6 Tank Venting System

In conventional aircraft, when fueling or de-fueling, air must be fed into or out of the fuel tanks in order to maintain
tank pressure. This prevents tanks from rupturing, by explosion or implosion, by balancing the inner tank and
ambient pressure. Although the purpose of a vent system for liquid hydrogen is the same, when designing a liquid
hydrogen fuel tank venting system there are more issues to consider than with conventional fuel. Due to the
extremely low temperatures required to store LH2 fuel, the vent system must not let ambient air enter the tank.
This is to minimise any heat transfer from the air into the tanks, prevent any contaminants from entering the
system and prevent the freezing of air at any point within the system. Liquid air freezes at a temperature of 58 K,
which is considerably higher than the temperature within the tanks of approximately 20 K.
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Figure 16: Schematic Diagram of Tank Venting system

When selecting the tank vent pressure, it is important to consider the trade off between tank weight and rate of
boil-off. A thicker tank will have a higher mass, however will be able to withstand a higher pressure within the
tank, minimising boil-off. Weight minimisation is a priority in aviation and as a result, the tank vent pressure was
chosen to be 1.4 bar. Pressure sensors situated within the tanks monitor the internal tank pressure. Once this
pressure exceeds a predetermined vent pressure of 1.4 bar, shut-off valves are opened automatically to let excess
gaseous hydrogen leave. This ensures that the internal pressure is always below 1.4 bar, protecting the tanks.
Following all shut-off valves is a one way valve, ensuring that there is no back flow through the system. After
leaving the tanks, gaseous hydrogen boil-off can follow two routes. The first of which is to the APU where it can
be used to generate electricity to power electrical systems within the aircraft. The second route is via an exhaust
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outlet to the atmosphere. A hydrogen/air mixture is formed at the exhaust outlet of the venting system, which is
flammable. Therefore, the exhaust outlets are placed at the end of the wings so that they are far from any heat
source, such as the engines. However, the outlet cannot be placed at the wingtip as this area is most susceptible
to lightning strikes shown in Figure [I7] Flame arresters are also installed at the outlet to protect the fuel system.
These devices prevent external fire source from entering the system while allowing ventilation of fuel vapour [22].
One-way valves are also incorporated here to ensure that no air from the atmosphere can enter the fuel system.

Lightning

Zone
D ———

/
T

Vent outlet with
flame arrester

Figure 17: Lightning zone at wing tip [22]

Each tank has its own venting valves which then join the same pipelines to the APU or the exhaust outlets. If the
venting system of one tank fails, cross-feed between the tanks ensures that both tanks can still be vented. In the
unlikely case that both venting systems fail in a way such that gaseous hydrogen cannot be vented out of the tank
after exceeding the venting pressure, each tank is equipped with an emergency non-reclosing pressure relief safety
device. This device is a rupture disc consisting of a one-time-use membrane that bursts when a predetermined
differential pressure, of 1.35 4+ 0.15 bar is reached. This device is connected to the exhaust outlets allowing GH2
to escape the tank in a controlled manner rather than damaging or bursting the tank which could cause damage
to the aircraft structure.

The shut-off valves of the venting system are chosen to be solenoid operated rather than motor operated. Whilst
a motor operated valve stays in the last commanded position, solenoid operated valves can be configured to fully
open when de-energised. This is a significant advantage of solenoid operated valves as in case of an emergency, such
as electrical power failure, excess hydrogen boil off can still leave the tanks to prevent damage to the fuel system

[23].

Venting System Electronics

The electronic control of the tank venting system is depicted in Figure [I8 Pressure sensors monitor the internal
pressure of the tanks and return data to the microcontroller through an ADC (Analog to Digital Converter). The
microcontroller processes this data to determine the position of the shut-off valves. If the internal pressure is larger
than 1.4 bar, the shut-off valves will be opened. Once pressure drops below 1.35 bar, shut-off valves will be closed.
There is a 0.05 bar difference between the positions of the valves to create hysteresis. This protects the valves and
ensures that the switching behaviour of the valves is stable. An actuator circuit is needed as a current amplifying
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circuit because the solenoid shut-off valves require high current to operate while the microcontroller works on low
current signals. This device increases the current from the microcontroller so that valves receive enough power. In
addition, the pilot can also gain control over the valves with switches installed inside the cockpit.

Switch
\ 4
Pressure > ADC > Controller > Actuator > Venting
Sensor Circuit Valve
\ 4
Display &
Indicators

Figure 18: Electronics of Venting Control System

3.4.7 Pressure Generation System

As the fuel level of LH2 decreases throughout the duration of the flight, the volume of GH2 in the tank will increase,
reducing the pressure within the tank. The pressure within the tank must not fall below the vapour pressure of
hydrogen, 0.9 bar, (refer to section 3.5.4) or the atmospheric pressure. Gently heating the LH2 within the tank
causes a small volume of hydrogen to boil-off, increasing the pressure within the tank. This is achieved using
a small heating coil placed inside the tank. Constantan was selected for the material of this coil due to its low
thermal variation of resistivity and high resistivity. Based on the maximum mass flow rate, a maximum conversion
rate of LH2 to GH2 was calculated. The energy required to perform this conversion was then calculated as 400
W using the values for the latent heat of vaporisation (476 kJ/kg) and specific heat capacity of hydrogen (14.3
J/gK). A working voltage of 1 kV was chosen. The required current according to equation (11) is therefore 400
mA. The required resistance can then be calculated using equation (12) which can be used to calculate the length
of constantan wire required (2.26).

Pelec = voltsI (11)
12

R=— 12

- (12)
L

R=pt (13)

3.4.8 Tank Level Sensing

A hydrostatic level sensor was chosen over any chemical or capacitive methods due to its simplicity. The hydrostatic
level sensor works on the following principle. When liquid is stored in a vessel, it exerts a hydrostatic force (Py)
on the bottom of the vessel. Thus, as the level of liquid hydrogen decreases (h), the hydrostatic force exerted on
the bottom of the tank decreases, according to equation (14).

Py, = pgh (14)
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This change in hydrostatic force is measured by the sensor, which outputs a small voltage. This voltage is then
amplified and processed where it is then used to display information to the pilot and as an input for the many
negative feedback systems present in the fuel system.

3.4.9 Tank Temperature and Pressure

Pressure sensing in our system is achieved via the use of thin film cryogenic pressure transducers placed in every
segment of our pipes and in our tanks. These sensors are different to the leak detection pressure transducers
mentioned in section 3.5.3. These provide diagnostics to the pilot and computer system allowing for automatic
adjustments and manual override. For measuring temperature, a Pt-100 Platinum temperature sensor is used, with
a 4-wire connection is for increased accuracy. These are placed at regular intervals throughout the fuel system.

3.4.10 Fuelling and Defuelling

Currently the E190 can refuel for a flight in 10 minutes. An E190 retrofitted with this hydrogen fuel system
should have a similar refuelling time to ensure operating an aircraft with this fuel system is economically viable
and feasible on a busy airport apron. In order to refuel the E190 with 1100 kg of LH2 in 10 minutes the mass
flow rate required is 1.83 kg/s and so the volumetric flow rate is 0.026 m?/s. Equation (15) shows the relationship
between volumetric flow rate (Q), pipe cross sectional area (A) and flow speed (v). There is an important trade off
to be made between keeping the flow speed and cross-sectional area low. Low flow speeds mean less turbulent flow
in the pipe and reduced boil off losses. However, a low cross-sectional area is required to keep the weight of the
refuelling hose low for human handling. A pipe diameter of 0.1 m has been chosen which results in a flow speed of
3.3 m/s. The manifold splits into two pipes, supplying both the fore and aft tanks. Since the flow rate halves, the
cross-sectional area of the pipe must half to maintain a speed of 3.3 m/s. The diameter of each manifolded pipe is
0.07m.

Q= Av (15)

The plane will be fuelled by pressure refuelling, entering the plane on the under belly of the fuselage. The pump on
the fueling truck will create the necessary drive to fuel and defuel the tanks without the need for additional pumps
on the plane. The fuel system will fill both tanks by means of a manifold connecting to both the tanks from the
refuelling hose.

Before refuelling, the tank pressure will be maintained between 1.25 and 1.45 bar by the pressure drop and
generation system. During refuelling as LH2 enters the tank, the volume for GH2 will decrease and so pressure will
increase. Equation (16) is used to derive equation (17) at constant temperature and mass of hydrogen. Equation
(17) can then be used to determine that after refuelling, the pressure in the tank would reach 35.6 bar without
any venting. This high pressure risks bursting the tank. Therefore, the venting system must be used during the
fuelling process to release some GH2 and to maintain a pressure below 1.448 bar inside the tank.

The ideal gas law (16) is used here to demonstrate the change of pressure with changing volumes of gas. The
pressure values calculated assume an ideal gas occupies the tank. However, GH2 at temperatures just above its
boiling point is not an ideal gas and so these numerical values are only used to demonstrate the increase and
decrease of pressure and not specific values.

PV =mRT (16)

P1 XV1:P2><V2 (17)

There must be some element of control when refuelling the tanks because it is likely the fuel levels in each tank will
not be equal. Control is needed to fill the tanks at appropriate rates so that they will both have the same volume
of fuel after refuelling and so that fuel is not forced into an already full tank. Forcing fuel into a full tank would
result in large pressures pushing out on the tank wall, which risks bursting the tank. Refuelling positioning control
can be achieved by two methods. Firstly, fuelling the tanks at the same volumetric rate and using the cross-feed
monitoring system to move and distribute the fuel equally between the two tanks. The second method is to have
a manual controller working a mechanical valve system that can feed the tanks individually and simultaneously.
Refuelling personnel will monitor the displays of the fuel levels and choose where to direct the fuel with valve control
switches. By closing a tanks valve and opening the other tanks valve the controller can fill a tank individually and
when the fuel levels are equal they can open both valves to fuel the tank simultaneously.
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The second method of manually refuelling has been chosen in the fuel system as opposed to the cross-feed
feedback system. Passing the LH2 unnecessarily across the cross-feed pipes would result in additional unwanted
boil-off due to the pipes large surface area to volume ratio. Having a manually operated refuelling system directs
the fuel straight to the tanks without having to send the fuel further than necessary.

Defuelling of the plane tanks may be necessary for maintenance checks within the tanks. When defuelling the
pressure in the tank will decrease as the GH2 will occupy more volume. Using equation (17) it is calculated that
without any pressure generation the tank pressure will drop to 0.04 bar risking tank implosion. To overcome this,
there is pressure generation system within the tank. Whilst defuelling, the system carefully heats the LH2 within
the tanks to generate up to 32.6 kg of GH2, to maintain a pressure above 1.2 bar.

Spark Risk

Plane infrastructure today has many existing precautions to prevent spark risks when refuelling a plane. Sparks
must be prevented from jumping between different electrical potentials because they may ignite the explosive
hydrogen fuel. Bonding points exist on the plane to connect a bonding cable from the refuelling truck to the plane,
preventing electrical discontinuity between vehicles. The plane is also grounded to earth via its tires ensuring
electrical continuity between the aircraft and earth.

3.4.11 Tank Cut-outs: Stress Analysis

The cut out for the fuel pipe is at the bottom of the tank and so the fuel can reach the driving pumps positioned
below the tanks using gravity feed. Stresses will arise around the tank cut-out due to the tank hoop and axial
stresses. Both the fuelling pipe and the engine fuel pipe cut-outs are positioned at the bottom of the tanks. Since
the engine fuel pipe has a larger diameter of the two cut-outs, stress analysis was carried out on the refuelling
cut-out. The effective radius, R(®), at any point around the ellipse is calculated using equations, where 6 is the
angle from the major axis of the ellipse. At the bottom of the tank (§ = 90°) and so the effective radius is

0.575 m. The hoop stress (0poop) and axial stress (044iq1) Of the elliptical tank at the point of the cut-out are 19.45
MPa and 9.73 MPa respectively using equations (20-21).

R(®) = Vb2 cos? & + a2 sin® & (18)
tanf = g tan @ (19)
Thoop = Pff) (20)
Fosir = g (21)

The tangential stresses around the cut-out (ogp) were calculated using equation (22) which models an infinite flat
plate subjected to a far field uniaxial stress (0 ), used as the hoop and axial stress individually. In equation (22)
the far field stress is parallel with @ = 0. The radius of curvature of the ellipse is 2.28 m at the bottom of the tank,
calculated using equation (23). Since the radius of curvature is large, the plate is assumed to be flat and that when
the pipe makes contact with the curved surface that it will cut a circular hole rather than an elliptically shaped
cut out. These two assumptions justify why modelling a circular hole on a flat plate is acceptable here.

Figure shows the resulting stresses around the circular hole due to the hoop and axial stresses and the
superposition of these stresses to give the overall stress concentrations around cut-out. The maximum stress
around the cut-out due to both the hoop and axial stresses is 48.62 MPa.

099 = 0oo(1 — 2 cos 20) (22)

a2 — b2 b2 — @2

cos3 0)2 4 (bsinf —

R(0) = \/(a cosf — sin® 9)2 (23)
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Figure 19: Tangential stresses around fuel pipe cut out due to superposition of the hoop and axial stresses around
the tank. # = 0 is parallel with the axial stress direction, along the axis of the tank.
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FEA analysis was used to support the calculations and the analysis results in a maximum stress of 48.9 MPa as
shown in Figure
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Figure 20: Contour plot showing stress concentration around cut-out

The yield strength of the tank material is 1050 MPa and so using the maximum stress around the hole of 48.62 the
factor of safety is calculated to be 21.6. According to [24] pressure vessels in the aviation industry should have a
minimum FOS of 6. This is a maximum allowable stress of 175 MPa before having a FOS less than 6. The cut-out
for the fuel pipe is a circular hole with diameter 7 cm and in order to assess how large the cut-out size can go
before the FOS drops below 6, FEA is required. FEA using Solidworks is required to calculate the stresses around
larger sized cut-outs because both the assumptions of modelling a circular hole and a flat plate break down. FEA
computes a maximum pipe diameter of 50 cm intersecting the bottom of the tank before 175 MPa is exceeded
around the cut-out.

3.4.12 Boil-Off within Tanks

To model boil-off in the tank, a FEA software called BoilFast was used. This software models heat fluxes into
vessels and their subsequent actions on the liquid within. Based on previous sections there is a total heat flux into
our tank of 500 W. After entering the dimensions of the tank and running the simulation the following results were
acquired. For the simulation to run properly a venting pressure of 1.35 bar is selected. Any boil off is immediately
vented allowing us to plot the decrease in liquid volume. This is approximately 0.045 m?/hour. This value would
be a worst-case scenario as during flight the volume of liquid is decreasing meaning less boil-off is generated as
the plane flies. However, the simulation does not account for any motion of the liquid that would be experienced
during flight nor does it account for any turbulence created by the flow of hydrogen out of the tank.
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3.5 Engine Fuel Delivery
3.5.1 Line Sizing

The engine fuel delivery subsystem was designed to ensure the hydrogen remains as a liquid until it is converted
to a gas within the heat exchanger, before entering the engine. The advantage of only using pumps located at the
tanks means that a near-zero vapor volume fraction in the pipe is no longer required since it is not being fed into
more pumps. However, control of the process is still important. Therefore, maintaining a low vapour fraction is
needed which means keeping the volumetric flow rates low to reduce turbulence. This is why LH2 is converted to
gas at the end to accommodate for a 6 fold increase in volumetric flow rate.

The maximum mass fuel flow rate at take-off conditions was used as the design point of the pipeline diameter.
Due to commercial competition, engine data is rarely publicly available. Therefore, using the engine datasheet [25],
the maximum thrust (F) of the GE CF34-10E engine, 90.6 kN, and specific fuel consumption (SFC), 6.42 g/kNs
were used to calculate the maximum mass fuel flow rate (riy) using equation (24). The actual maximum flow rate
will be less since the maximum landing mass is used in this design, rather than the maximum take-off mass. The
volumetric flow rate calculated using equation (25) was then converted to the energy equivalent fuel mass flow rate
for liquid hydrogen. A maximum flow rate was calculated as 0.588 kg/s. In order for the system to handle excess
flow, a safety factor of 1.5 was incorporated bringing the maximum flow rate for the fuel system to 0.882 kg/s and
this value was used as the design point.

_ iy
SFC = = (24)

Pipeline sizing required several design trade-offs. For example, in order to minimise line size weight, the diam-
eter should be as small as possible. However, a smaller diameter increases pressure loss throughout the piping
system. Pressure loss disadvantages include increased energy and size requirements for the pump, and also the
unpredictability of flow rates associated with an increased pressure drop. Determined by the maximum operating
pressure of the engine [26], the maximum exit pressure of the pipe required was 86 bar. At this pressure and an
assumed temperature of 20 K, the volumetric flow of LH2 was calculated as 0.011 m?/s using equation (25).
Q=-1 (25)

Conventional analysis of incompressible liquid hydrogen in pipes using the maximum flow rate was used. Pressure
loss across a range of diameters (d) for the required volumetric flow rate of 0.011 m?®/s was investigated using
equation (26). The feed line from the tank furthest to the engine (see Figure with a pipe length (L) of

9.5 m, and a growth factor of 1.2 incorporated to account for thermal expansion was used to calculate the maximum
pressure loss.

2
APloss = % (4.}[-2 + K) (26)
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Figure 21: Longest LH2 route from tank to engine

The K factor values were determined by fittings along the pipeline shown in Table [4l The friction factor (f) was
determined by assuming a rough pipe flow with a surface roughness of 3 um [27] and was calculated to vary between
0.0032 and 0.0034 depending on pipeline diameter.

Table 4: Minor loss coefficients of fittings

Fitting K Factor
Shut-off Valves x2 [23] 35

90° bend x5 [28] 5

Check Valve x1 [28] 2

Total 10.5

The results of the pressure drop against LH2 pipe line diameter are shown in Figure There were minimum
limits to the diameter set by the erosional velocity equation which is widely used as a recommended practice in the
oil and gas industry. This is to protect the pipe from increased shear stresses for the case of two-phase flow and
other effects such as noise and vibration [29]. However, it is recognised there are validity concerns regarding use of
equation (27) applied to a hydrogen application. To calculate the maximum erosional velocity (V.), a ‘¢’ factor of
244 was used for a stainless steel inner pipe [29] and densities of LH2 as 79 kg/m?® and GH2 as 13.05 kg/m3. It was
recommended to use 50% of the maximum erosional velocity . Therefore, the maximum velocities were calculated
as 13.7 m/s and 33 m/s for LH2 and GH2 respectively.

C

Ve=—

e \/ﬁ

These velocities were used as a factor to determine a minimum inner bore diameter of 30 mm and 51 mm for

volumetric flow rates of 0.011 m?3/s and 0.068 m?3/s for LH2 and GH2 pipes. The minimum diameter of 30 mm

used provided an acceptable pressure loss of 1.4 bar as shown in Figure 22 where the balance between weight and
pressure loss is best met for the LH2 pipe.

(27)
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Figure 22: Pressure Loss vs Weight vs Pipe Diameter of LH2 pipe

The thickness of the inner stainless steel (304 series) pipe was determined using equation (28). A maximum working
stress was determined as 105 MPa to comply with ISO 2531 standards [30] which states the working stress in the
pipe wall must not exceed one-third of the tensile strength or half the yield strength. Using the diameters of
the inner bore outlined, and a maximum internal pressure of 87.4 bar, the thickness of the inner steel pipe was
calculated as 1.25 mm and 2.1 mm for the liquid and gas phases of the pipe.

Pin erna d
‘= ternal X (28)

2 X Omazworkingstress

3.5.2 Pipe Insulation

Shown in Figures 23] and [24] a vacuum jacketed insulation system, similar to the tank insulation, incorporating MLI
in the annulus has been selected for use in the pipes. Typical heat flow values for cryogenic pipes are between 1-2
W /m? and so a heat flow (Q) of 1.32 W/m? as per [31] gives an insulation thickness of 17.5 mm for the liquid pipe
and 30.5 mm for the gas pipe using equation (29) where L is the length of the pipe, A is the thermal conductivity
of steel, T, is the outer temperature, T; is the inner temperature, r, is the outer radius and r; is the inner radius
(Figure [23124). Low conductivity copper spacers have been incorporated to keep the inner pipe in place whilst
conducting minimal heat energy, as well as bellows which allow for thermal expansion.

_ —2mAL(T, - T))

Inr, —r;

(29)
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Figure 23: Liquid pipe with inner section view
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Figure 24: Gas pipe with inner section view

Table 5: Values used to determine heat flow (@) in equation (29)

Parameter Value

A 13.5 W/m?K
T, 233 K

T, 20 K
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3.5.3 Heat Exchanger

Before delivery to the aircraft engine, the liquid hydrogen must be gasified and brought to an appropriate tem-
perature for combustion. Unlike conventional aviation fuel, hydrogen does not have a flash point and will ignite
at temperatures above its boiling point of 20 K. In conventional gas engines, fuel is injected into the combustion
chamber where it is mixed with air and burned. Liquid air has a boiling point of 78.8 K, in between that of nitro-
gen (77 K) and oxygen (90 K) [32], the two primary constituents of air. The boiling point of air gives a minimum
temperature of hydrogen that should be delivered to the engines.

There are several types of heat exchanger design. Although a finned tube heat exchanger was considered, a
U-Tube heat exchanger was selected as the most appropriate for the fuel system as its tubular shape allowed for
greater flexibility in the positioning of the heat exchanger. The fuel system incorporates two heat exchangers
situated towards the base of the wing occupying space that is filled by the fuel tanks in conventional fuel systems.
Each heat exchanger is primarily fashioned out of Aluminium 2219-T87. Aluminium alloys are widely used in
cryogenic applications as they demonstrate a good relationship between strength and fracture toughness, with
only small changes to their material properties at these extreme low temperatures [33]. This particular alloy of
aluminium has been used in several other systems handling liquid hydrogen and has been praised for its weld-ability

The shell side fluid was chosen to be ambient air. This choice was made to take advantage of the large
temperature difference between liquid hydrogen and an aircraft’s surroundings, and eliminates the need for an
additional fluid system onboard the aircraft. In addition, other shell side fluids that may be liquid at room
temperature and pressure have much higher freezing points. In order to ensure they do not begin to solidify within
the heat exchanger, the thickness of the tubeside pipes would have to increase to raise the outer tubeside surface
temperature. The overall mass of the heat exchanger would therefore be greater.

2200 mm

A
v

150 mm

30 mm

@500 mm

Figure 25: Heat Exchanger Dimensions
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Figure 26: Heat Exchanger Tubeside
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Air in

Hydrogen out

Air out

Figure 27: Flow through heat exchanger
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Table 6: Heat Exchanger Dimensions

Dimension Value
Required Air Intake Area 0.25 m?
Shell Side Inlet/Outlet Diameter 150 mm
Tube Side Inlet Diameter 30 mm
Tube Side Outlet Diameter 51 mm
Heat Transfer Area 6 m?
Diameter 500 mm
Length 22 m
Tube Length 1.7 m
Number of Tubes 7
Number of Tube Passes 2

Baffle Spacing 150 mm

Heat Exchanger: Sizing

In order to size the heat exchanger, the NTU (Number of Transfer Units) method was used as only the inlet
temperatures of the heat exchanger were known [35]. The method used to size the heat exchanger can be broken
down into the following steps:

1. Determine the effectiveness of the heat exchanger:

The effectiveness of a heat exchanger (¢) is a ratio relating the actual rate of heat transfer to the maximum
rate of heat transfer that could be achieved and can be found using the following equation

o Cc(Tc,o - Tc,i)
T Cmin(Th,i - Tc,i) (30)

where C, is the heat capacity rates for the cold fluid, C,,;, is the lowest of the two heat transfer rates for the
hot and cold fluid, T, , and T, ; are the outlet and inlet cold fluid temperatures and T}, ; is the hot fluid outlet
temperature. In this case, the hot fluid is ambient air and the cold fluid is the hydrogen flowing through the
tube side of the heat exchanger. The following equations

CC = ’I”i’LHZCp’H2 and Ch = ’ﬂ"Lm‘TCp,air (31)
can be used to determine the heat capacity rates for both fluids.

2. Determine the number of transfer units:

The dimensionless number of transfer units can be found using the following equations

NTU = g1 2
=i e *
p2e=0+C) (33)

(1+(Cr)2)12
where C,. is the heat capacity ratio (Cpin/Cimae) and E is a function of the effectiveness of the heat exchanger.

3. Find the overall heat transfer coefficient (U):

In order to determine the overall heat transfer coefficient, it is first necessary to determine the convection
heat transfer coefficients for both the tube and shell side fluid [36]. The convection heat transfer coefficients
hp, and hgir can be found by following the procedure detailed in equations (34 - 37).
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(T'ubeside)

(T'ubeside)

Nu = 0.023Re%8 pr0-33

h:

o
or Re= " (Shellside)
T Do

or Nu=0.196Re*0Pr033 (Shellside)

NuA
Di,o

The overall heat transfer coefficient, U, can then be calculated using the following equation

1

U= (—

Tal 1

—1
Aal P, )

4. Determine the heat transfer surface area of the heat exchanger:

Cmin

A=NT —
U x U

(34)

(35)

(39)

Following the above procedure gives a required heat transfer surface of 2.11 m?. The heat transfer area of the heat
exchanger designed is 6 m2, giving a FOS of 2.84. Table EI lists the values used in the calculation.

Using data on the physical properties of air at increasing elevation [37], it is possible to demonstrate the
performance of the heat exchanger in a range of expected operating conditions.
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Figure 28: Hydrogen Exit Temperature from heat exchanger at increasing mass flow rates of hydrogen. (Air mass

flow rate = 3 kg/s)
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As shown in Figure as the plane climbs, the hydrogen exit temperature decreases until the plane reaches
an elevation of around 11 km. This is expected given the changes to the ambient air temperature the plane
increases in altitude. In the troposphere (lowest region of the atmosphere) there is a negative linear relationship
between temperature and altitude, however at 11 km, there is a region of relatively constant temperature, called
the tropopause [38]. Figure [28]also shows that as the mass flow rate of hydrogen increases, the exit temperature of
the hydrogen decreases. The maximum and minimum hydrogen flow rates through the system of 0.588 kg/s and
0.14 kg/s occur at take-off and cruising respectively.
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Figure 29: Hydrogen exit temperature from heat exchanger at increasing air mass flow rates in the shell side of the
heat exchanger [37]. Hydrogen mass flow rate = 0.588 kg/s.

In order to deliver hydrogen to the engines at an appropriate temperature when the aircraft is stationary, or taxiing
an axial fan is required before the ambient air inlet to the heat exchanger. Figure [29| shows that an increase in the
mass flow rate of air relates to an increase in the hydrogen exit temperature. The corresponding hydrogen mass
flow rate in Figure [29]is the take-off flow rate. This is when the flow rate of hydrogen should be greatest. Using
Figure [29) it can be determined that the axial fan must be able to drive a minimum mass air mass flow rate of no
less than 6 kg/s through the shell side of the heat exchanger. This would deliver hydrogen to the engines at

100 K (20 K above the minimum temperature 78.8 K determined earlier) as the aircraft is beginning to accelerate
down the runway. With an air intake area of 0.25 m?, this mass flow rate of air is achieved at a speed of 19.6 m/s.
With a take-off speed (V2) of 135 kts or 69.45 m/s [39], the fan will only be required during the early stages of
take-off, when the aircraft is travelling at a speed below 19.6 m/s.

Heat Exchanger: Assumptions and Design Limitations

There are various assumptions associated with the NTU method. These include the assumption that the flow is fully
developed and in a steady state, fluid and material properties are constant, there are no losses to the surroundings
and the fluid is unmixed on both sides. Due to the nature of the heat exchanger, several physical